Optical whispering gallery modes were observed in micron-sized SrS: Eu 2+ octahedrons. Cathodoluminescence in a scanning electron microscope was used to evaluate the emission characteristics of individual octahedrons with various sizes. The resonance modes superposed on the orange Eu 2+ broadband emission were explained by a plane wave model, taking the wavelength dispersion of the refractive index into account. The resonance modes occur in the three equatorial planes in the octahedrons, which were approximated by corner-cut square disks.
In the last few decades microresonators gained a lot of scientific interest because they can combine a high Q-value with a small resonator volume, so they could play an important role for photonic applications ͑e.g., lasers for integrated optoelectronic devices and add-drop filters͒. An interesting type is the whispering gallery resonator, which can be designed as a microdisk, 1,2 a micropillar, 3, 4 or a microsphere. 5, 6 In these resonators, lightwaves circulate due to repeated total internal reflections ͑TIRs͒. High Q-factors can be achieved because the light loses its energy only by residual absorption and scattering in the material. 5 Whispering gallery modes ͑WGMs͒ are mainly investigated in spherically and hexagonally shaped resonators, [7] [8] [9] while only limited experimental data are available for ͑small͒ square resonators. A specific property of the latter is the large coupling length, which can be the entire square sidewall. Other properties are related to the nature of the closed orbits ͑Fig. 1͒: ͑1͒ after only four bounces they return to their initial positions, ͑2͒ every reflection has an angle of incidence of i = 45°, and ͑3͒ all closed orbits have the same path length, independent of their initial positions. 10, 11 In this letter, we report on WGMs in the square equatorial planes of SrS:Eu octahedrons, which were prepared with a low-temperature solvothermal synthesis using ethylenediamine as a solvent. This method yields micronsized single crystalline octahedral SrS:Eu particles ͑Fig. 2͒. The tips of the octahedron are orientated in the ͗001͘ directions and the triangular faces are ͕111͖ planes. 12 The luminescence of a large ensemble of these octahedrons is similar to the emission of SrS:Eu powder synthesized by conventional solid state reactions. The emission originates from transitions between the 4f 6 5d excited state and the 4f 7 ground state of Eu 2+ substituted on Sr 2+ lattice sites. It is characterized by a broad emission band ͑full width at half maximum of 75 nm͒ peaking at 610 nm. In this work, we study the emission spectrum of individual octahedron-shaped SrS:Eu particles by evaluation of the cathodoluminescence ͑CL͒ in a scanning electron microscope ͑SEM͒. Up to now, the investigation of rare-earth doped whispering gallery resonators has been limited to the 4f-4f line emittors. 13 In this work we discuss the occurrence of WGMs in microcrystals doped with divalent Eu being a broadband emittor.
When modeling the SrS:Eu particles as octahedrons, WGMs can occur due to light traveling in the equatorial plane ͑Fig. 1͒ and the two equivalent planes. The light then strikes each side of the square plane at an angle i of 45°. For the trajectory of the closed light paths to be confined by TIR, the angle of incidence i needs to satisfy c Ͻ i Ͻ 90°− c , with sin c =1/ n and n the wavelength-dependent refractive index of the medium. For ͑undoped͒ SrS thin films, n equals 2.05 at 610 nm, 14 which corresponds to c = 29.2°. We use a plane wave interference model 15 to calculate the resonant wavelengths in a square geometry. In this model a light wave interferes with itself when circulating in the resonator. Constructive interference is obtained when the total phase shift along the path is an integer multiple of 2.
The calculation of the WGM phase shift in the equatorial plane can be obtained from Fresnel's formulas. 16 For constructive interference one needs exp͓in Re͑k͒l͔r 4 = 1, with l the total path length, 4R in our case ͓Fig. 1͑b͔͒, k is the wavenumber, and r is the reflection coefficient. One has to distinguish between TM polarization ͑E ជ -field Ќ equatorial plane͒ and TE polarization ͑E ជ -field ʈ equatorial plane͒. After some basic algebra one obtains ͑with N the mode number͒
The CL emission spectrum of a typical particle is given in Fig. 3 . Sharp emission peaks are superposed on the Gaussian-shaped emission of SrS:Eu. These peaks correspond to constructive interference of light for which the wavelength fulfills Eq. ͑1͒ or Eq. ͑2͒. We started by using a͒ Author to whom correspondence should be addressed. these equations to identify the peaks in the CL spectrum. The refractive index for undoped SrS at 610 nm was taken as initial value. The simulation yielded reasonable agreement with the observed spectrum and allowed the determination of the mode number N. To improve the fit to the experimental data we took the wavelength dependency of the refractive index into account by using Cauchy's dispersion functions. 14 We could then accurately reproduce the positions of all the peaks in the CL spectrum ͑Fig. 3͒ with R equal to 1451 nm. This value is fully in line with the value derived from the SEM image being 1440Ϯ 40 nm. Note that in the CL spectrum the TE modes have a negligible intensity, similar to the situation in hexagonal resonators. 8, 9 Note that no FabryPérot ͑FP͒ modes are observed, in contrast to the resonance modes observed by Huang et al. 17 in InP/GaInAsP square lasers ͑20 m side length͒, where both FP and WGM modes were observed.
The SrS:Eu crystals are not perfect octahedrons as their edges and tips are cut along the ͕100͖ and ͕110͖ planes, respectively ͓Fig. 2͑c͔͒. This implies that the equatorial plane can be regarded as a corner-cut square disk with a certain thickness ͑typically from 200 to 400 nm depending on the size of the octahedron͒ allowing an efficient in-plane light reflection. However, this does not change the above analysis as the path length of the closed orbits is not affected by moderate cutting of the corners. Furthermore, Marchena et al. 18 recently showed that appropriate corner-cutting can improve the Q-factor of a square resonator.
For some of the studied particles, more than one characteristic length was required to explain the resonance modes in the CL emission spectrum, depending on the position of the electron beam with respect to the particle ͑Fig. 4͒. This could be related to a slightly different cutting along the different edges of the octahedron, hence changing the parameter R and lifting the equivalency of the three squarelike resonating planes. By using a pointwise excitation with a low energy electron beam, the CL emissive region can be mainly limited to a single square plane. Typically, the difference in the parameter R was less than 3%.
We verified the spectrum for a large set of particles, for which R ranged from 1200 to 2400 nm. All showed a perfect correspondence between the parameter R calculated from the resonance spectrum and the dimensions of the particle as observed in SEM. Tomita et al. 6 recently argued that TiO 2 :Eu 3+ microsphere resonators could find application in three dimensional or multidirectional displays. Preliminary research confirms the occurrence of WGMs in CaS: Eu 2+ ͑emission peaking at 650 nm͒ and SrS: Ce 3+ ͑emission centered around 490 nm͒ octahedrons obtained with the same synthesis method. Hence by an appropriate choice of the host and the rare-earth dopant, the entire visible part of the spectrum can be covered.
In conclusion, we observed and analyzed WGMs in SrS octahedrons with broadband emitting Eu 2+ as luminescent ion. The observed modes in SEM-CL are well described by a simple plane wave model in a square resonator. Most of the CL peaks were identified as TM resonances. A good fit was obtained by taking the dispersion dependency of the refractive index into account. Further research aims at improving the smoothness of the crystallites' surface by tuning the synthesis process, as this appears to be a limiting factor in the strength of the resonance modes.
P.F.S. is a postdoctoral research fellow of FWOVlaanderen. 
